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FOREWORD 


Naval  munitions,  especially  those  contained  in  insulating 
cases,  are  at  risk  due  to  electrostatic  discharge  (ESD)  yet 
existing  Navy  test  procedures  do  not  adequately  determine  these 
risks.  Electric  energy  can  be  stored  on  such  cases  through 
electrostatic  charging  as  a  result  of  normal  handling  or  thermal 
cycling.  The  stored  energies  (from  30  mJ  to  many  J)  are 
comparable  to  those  observed  for  ignition  in  propellants  with 
similar  compositions  to  Naval  PBX  explosives. 

Present  ESD  test  methods  do  not  allow  for  the  effects  of 
confinement  or  the  rate  of  electric  energy  deposition.  Recent 
studies  have  indicated  that  an  increase  in  confinement  reduces 
the  critical  energy  for  ESD  ignition  by  several  orders  of 
magnitude. 

Before  the  ESD  problem  can  be  resolved,  the  following  four 
items  need  to  be  addressed:  (.1)  the  electric  energy  transfer 
associated  with  insulated  cases,  (2)  the  effect  of  the  discharge 
profile  on  the  reaction  sensitivity,  (3)  the  effect  of 
confinement  on  the  sensitivity  and  (4)  an  ignition  mechanism  for 
explosives.  This  report  offers  data  for  the  latter  three. 

Data  from  capacitive  discharge  experiments  on  an  aluminized 
explosive,  PBXW-115,  suggest  that  the  power  profile  and 
confinement  are  important  to  ESD  ignition  sensitivity.  Based  on 
our  observations,  a  model  describing  the  shock  ignition  of  a 
solid  explosive  has  been  developed. 

This  work  was  funded  by  the  Office  Of  Naval  Technology  as 
part  of  the  NSWC  Explosives  and  Undersea  Warheads  Block  Program. 

We  thank  M.  Cowperthwaite  of  SRI  International  and 
B.  Hammant  of  Ministry  of  Defense,  U.K.,  for  their  helpful 
comments  on  this  work.  We  are  indebted  to  B.  Snowden,  N.  Snowden 
and  R.  Hay  for  their  fine  experimental  work. 


Authorized  by: 


WILLIAM  H.  BOHLI,  Acting  Head 
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CHAPTER  1 
INTRODUCTION 


Electrostatic  discharge  (ESD)  has  been  recognized  as  the 
cause  of  several  accidental  ignitions  in  large  propellant 
systems.1,2  The  fear  is  that  Naval  munitions,  especially  those 
contained  in  insulating  cases,  are  at  risk  due  to  ESD,  yet 
existing  Navy  test  procedures  do  not  adequately  determine  these 
risks.  Present  test  methods  do  not  allow  for  the  effects  of 
confinement  or  the  rate  of  electrical  energy  deposition. 


Electric  energy  can  be  stored  on  munition  cases  through 
electrostatic  charging  as  a  result  of  normal  handling  or  thermal 
cycling.  Hodges3  has  demonstrated  that  the  electrostatic  charge 
density  on  the  surface  of  a  composite  case  can  be  as  large  as 
20  /iC/m2.  Hence  the  stored  energies  (from  30  mJ  to  many  J)  are 


- - -  4-  _  4-1 - -  ^  am  4  v* 

auxc?  uv  woci  v  c:\-c  a-v/. l.  j.^uxujlwu  jl*  i 

similar  compositions  to  Naval  PBX  explosives 
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Before  the  ESD  problem  can  be  resolved,  the  following  four 
items  must  be  addressed:  (1)  the  electric  energy  transfer 
associated  with  insulated  cases,  (2)  the  effect  of  the  discharge 
profile  on  the  reaction  sensitivity,  (3)  the  effect  of 
confinement  on  the  sensitivity  and  (4)  an  ignition  mechanism  for 
explosives.  This  report  offers  data  for  the  latter  three. 


In  this  study,  PBXW-115  was  found  to  conduct  at  electric 
field  strengths  exceeding  «500  kV/m.  An  energy  density  of  «8 
x  106  J/m3  was  required  to  induce  catastrophic  breakdown.  Low 
energy  experiments,  3  to  13  Joules  deposited  to  the  sample, 
showed  that  the  energy  deposited  prior  to  breakdown  was  not 
responsible  for  ignition. 


X-Ray  Photoelectron  Spectroscopy  (XPS)  studies  confirmed 
that  thermal  reaction  was  confined  to  the  discharge  channel.  The 
highly  localized  energy  deposition  in  an  arc  channel  likely 
raises  the  local  temperature  above  that  required  for  thermal 
ignition.  However,  a  sustained  reaction  was  not  observed  unless 
the  sample  was  restrained.  This  suggests  that  containment  is 
important  for  ESD  ignition. 

A  simple  analytical  model,  which  is  discussed  in  Chapter  6, 
has  demonstrated  that  if  ESD  induces  a  thermal  explosion  in  an 
arc  channel,  then  the  reaction  can  be  carried  to  the  surrounding 
mass  of  unreacted  explosive.  The  analysis  given  here  has  shown 
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that  the  thermal  explosion  of  a  1  mm  diameter  cylinder  of 
PBXW-115  appears  to  be  sufficient  to  induce  first  reaction ,  i.e. 
a  rapid  deflagration  that  is  too  weak  to  accelerate  to  detona¬ 
tion. 
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CHAPTER  2 

CAPACITIVE  DISCHARGE  EXPERIMENTS 


A  capacitive  discharge  circuit  was  used  to  deposit 
electrical  energy  in  an  aluminized  explosive,  PBXW-115.  Voltage, 
V,  current,  I,  and  rate  of  change  of  current,  dl/dt,  data  were 
recorded  on  2090  series  Nicolet*  digital  oscilloscopes  with  a 
band  width  of  50  MHz.  These  data  were  used  to  make  accurate 
calculations  of  the  electrical  power  profile  and  the  energy 
deposited  in  the  test  cell.  The  deposition  energy  varied  from  3 
to  150  J„ 

These  experiments  were  performed  to  study  pre-breakdown 
conduction,  the  energy  required  for  catastrophic  dielectric 
breakdown  and  ignition.  The  results  for  the  pre-breakdown 
conduction  and  the  energy  to  breakdown  are  given  in  Chapter  4. 
The  observations  of  ignition  are  described  in  Chapter  5 . 


TEST  CELL 

Cylindrical  discs  of  PBXW-115,  44.45  mm  diameter,  6.35  mm 
thick,  were  tested  between  19.05  mm  diameter  brass  electrodes  and 
mounted  in  a  plastic  test  cell  shown  in  Figure  2-1.  The  low 
voltage  electrode  was  gently  pressed  against  the  bottom  of  the 
sample  to  ensure  good  electrical  contacts.  The  two  halves  were 
pushed  into  a  50.8  mm  OD,  47.63  mm  ID,  28.58  mm  long  polymethyl 
methacrylate  (PMMA)  tube  which  held  the  test  cell  together. 
Retaining  bolts  were  used  to  restrain  test  samples.  Experiments 
were  also  performed  without  the  retaining  bolts. 

The  Teflon  end-caps  formed  a  convoluted  path  between  the 
high  voltage  and  ground  electrode  inside  and  outside  the  test 
cell  to  suppress  surface  flash-over.  Surface  flash-over  around 
the  sample  was  suppressed  by  applying  silicone  rubber  encaps\  lant 
RTV  3145  Gray+  around  the  sample's  periphery,  thereby  gluing  the 
sample  to  the  inside  ledge  of  the  test  cell. 


Nicolet  Instrument  Corporation,  Test  Instrument  Division,  4720-F 
Boston  Way,  Lanham,  MD. 

f  RTV  3145,  Dow  Corning  Corporation,  Midland,  MI  48640. 
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care  was  taken  to  ensure  that  the  discharge  occurred  towards 
the  center  of  the  test  sample.  The  electrodes  employed  a  3.2  mm 
(1/8  inch)  radius  at  the  edges  in  order  to  decrease  the  divergent 
field  in  that  region.  An  epoxy  ring,  Epon  815*  with  an  Ancamine 
Tl  hardener,*  was  cast  around  the  cathode  to  minimize  field 
enhancement  at  the  electrode  edges  due  to  dielectric  mismatch.4 
A  2.5  mil  thick,  adhesive  backed  polyimide  insulated  tape  (Xapton 
K250  tape)*  was  used  to  mask  over  the  electrode  edges.  The 
spongy  PBXW-115  filled  this  gap  under  the  slight  pressure  applied 
by  the  electrodes.  The  active  area  defined  by  the  hole  in  the 
Kapton  was  varied  (diameters  of  11.5  mm,  4.6  mm  and  1.1  mm)  to 
determine  if  pre-breakdown  conduction  was  localized. 


TEST  CIRCUIT  AND  DIAGNOSTICS 

The  test  circuit,  shown  in  Figure  2-2,  used  one  of  two 
capacitances  (0.4  /xF  or  54  /xF)  .  The  electrical  energy  was 
transferred  to  the  sample  via  a  triggered  spark  gap  and  3  m  of 
Reynolds  Type  C  coaxial  cable.  The  54  pF  capacitance  charged  to 
5  kV  nominally  delivered  150  J  to  the  sample.  This  capacitance 
was  initially  selected  because  it  was  available  in  the  discharge 
circuit  at  the  time.  The  results  from  these  high  energy 
experiments  provided  information  concerning  ESD  ignition.  Later 
experiments  used  a  0.4  /xF  capacitance  charged  between  5  and  9  kV 
to  deliver  energies  of  3  to  13  J.  These  relatively  low  energy 
experiments  were  performed  to  study  pre-breakdown  conduction. 

Note  that  the  electrical  energy  (150  J)  delivered  to  the 
sample  in  the  ignition  experiments  is  22  percent  of  the  energy 
stored  in  the  capacitance  (675  J) .  Note  that  our  circuit 
efficiency  is  better  than  conventional  ESD  test  circuits,5  which 
typically  have  efficiencies  less  than  10  percent.  The  low 
circuit  efficiency  is  attributed  to  the  resistance  of  the 
discharge  arc  being  smaller  than  the  circuit  impedance. 

Rogowski  Coil 

A  Rogowski  coil,5,6,7  shown  in  Figure  2-3,  was  placed  around 
an  extension  of  the  low  voltage  electrode  to  measure  the  current 
change,  dl/dt,  through  the  sample.  The  dl/dt  data  were  used  to 


Epon  815  Resin,  Miller  Stephenson  Chemical  Co.,  Inc.,  P.0.  Box 
950,  Dandury,  CT  06813. 

7  Ancamine  T-l  Hardener,  Pacific  Anchor  Chemical  Corporation,  6Gf5 
East  Washington  Blvd,  Suite  700,  Los  Angeles,  CA  90040. 

1  Kapton  K250  Tape,  CHR  Industries,  Inc.,  407  East  street.  New 
Haven,  CT  06509. 
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FIGURE  2-2.  TEST  CIRCUIT 


RETURN  CONDUCTOR 


FIGURE  2-3.  RQGOWSKI  COIL 
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compensate  for  L  dl/dt,  the  difference  between  the  true  and  the 
measured  voltage  across  the  test  cell.  This  difference  is  due  to 
the  rate  of  change  of  magnetic  flux  in  the  test  cell. 

The  probe  had  a  sensitivity  of  1  (GA/s)/volt  and  a  rise  time 
of  <  1  ns.  The  coil  was  constructed  by  wrapping  a  copper  ribbon 
(127  pm  (5  mil)  thick,  1  mm  wide)  around  a  RG-223  cable  core. 

The  coil  pitch  was  1  turn  every  5  mm  over  a  70  mm  length  which 
included  a  50  n  metal  film  resistor  at  the  end  (Corning  type 
RN55E,  1/8  Watt,  1%) .  A  plastic  shrinkable  tubing  was  used  to 
build  up  the  resistor  diameter  to  match  the  RG-223  core  diameter. 
The  resistor  was  required  to  suppress  any  high  frequency  ringing. 

The  voltage  signal,  V,,  across  the  coil  is  a  measure  of 
dl/dt  associated  with  the  current  passing  through  the  center  of 
the  loop. 

Vs(t)  =  -li  AN,  (2-1) 


where  p  is  the  permeability,  N,  is  the  pitch  (number  of  turns  per 
unit  length)  and  A  is  the  area  encompassed  by  one  turn.  The 

i  r*  halxrtjr  Vwr  +-  V»  o  unlf  arro  rro^forl  h\)‘  Vi  o  Rfl  O 

resistor  and  the  50  fl  cable  impedance.  Therefore  the  probe's 
sensitivity  is  given  by: 

Probe  sensitivity  *  %  (aqps/sec'  (2-2) 

M  \  VOl t  f 

where  M  =  pN,A  is  the  mutual  inductance.  The  coil's  self 
inductance,  L,  can  be  estimated  by  L  =  N(M)  where  N  is  the  number 
of  turns  in  the  coil.  The  self  inductance  of  the  Rogowski  coil 
used  in  this  study  was  28  nH. 

Current  Probe 


The  total  current  was  measured  with  a  Pearson  Model  11CA* 
(0.1  volts/amp)  current  transformer  placed  along  the  transmission 
line.  The  current  probe,  shown  in  Figure  2-4  uses  a  grounded 
enclosure  to  suppress  capacitive  signal  pickup.  The  combined 
load  resistance  (8.33  n)  of  a  X10  attenuator  and  five  10  11 
terminators  divided  the  transformer's  output  signal  by  7.  This 
kept  the  signal  output  from  exceeding  the  operational  range  of 
the  attenuator  (1  kV  across  the  output  terminal).  The  overall 
sensitivity  of  the  probe  was  nominally  700  amps/volt,  including 
the  sensitivity  of  the  basic  coil,  the  effect  of  the  8.33  fl 
loading  and  the  X10  attenuator. 


Pearson  Electronics,  Inc.,  1860  Embarcadero  Rd,  Palo  Alto,  CA 
94303 . 
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FIGURE  2-4.  CURRENT  PROBE 
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Voltage  Probe 

A  copper  sulphate  voltage  probe,56  shown  in  Figure  2-5,  was 
used  directly  across  the  test  cell.  The  copper  sulphate 
resistance  was  nominally  100  n,  several  orders  of  magnitude  above 
the  arc  channel  resistance.  The  current  through  the  resistor  was 
monitored  by  Pearson  probes  to  eliminate  ground  loops.  Pearson 
Model  411  (0.1  volt/amp)  probes  were  used  so  the  sensitivity  was 
nominally  1  kV/volt.  The  Pearson  probes  and  the  resistor  were 
housed  in  separate  shielded  compartments  to  suppress  capacitive 
signal  pickup. 
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PEARSON  CURRENT 
TRANSFORMERS 


FIGURE  2-5.  VOLTAGE  PROBE 
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CHAPTER  3 

X-RAY  PHOTOELECTRON  SPECTROSCOPY  (XPS)  STUDIES 


XPS  studies?  were  used  to  determine  the  degree  of  reaction 
for  recovered  samples.  XPS8  provides  elemental  and  chemical 
characterization  of  material  surfaces.  The  data  can  also  provide 
an  estimation  of  the  quantity  of  each  chemical  state  present  at 
the  surface  expressed  as  a  surface  atom  percentage. 

A  Physical  Electronics  5400  photoelectron  spectrometer  was 
used  to  perform  the  XPS  in  thn,s  study.  Special  features 
incorporated  into  this  instrument  include  multiple  photon  sources 
(dual  Mg  Ka  -  A1  Ka,  monochromatic  A1  Ka,  and  He  UV  resonance 
lamp) ,  sample  cooling  and  spatially  defining  electron  optics  that 
permit  the  analysis  of  features  down  to  200  /im  diameter. 

Samples  included  control  materials,  i.e.,  samples  that  did 
not  undergo  electrical  discharge  testing,  of  PBXW-115  explosive 
as  well  as  rdx  and  AP.  Comparisons  of  spectra  from  the 
discharged  regions  of  the  recovered  samples  with  those  of  the 
control  samples  clearly  demonstrated  the  chemical  changes  that 
occur  due  to  ESD. 


XPS,  THE  TECHNIQUE 

XPS  is  an  analytical  technique  based  upon  the  physics  of  the 
photoelectric  effect.  Absorption  of  characteristic  X-ray  photons 
causes  core  level  ionization,  by  the  emission  of  electrons  from 
the  material.  The  emitted  electrons  are  then  collected  and 
analyzed  with  respect  to  their  emitted  (kinetic)  energy.  The 
measured  kinetic  energy  is  the  difference  between  the  photon 
energy  and  the  energy  required  of  the  electron  to  escape  the 
attractive  forces  (binding  energy)  of  the  atom.  Peaks 
characteristic  of  each  element  appear  at  well  known  binding 
energies  in  the  electron  energy  spectrum.  Shifts  in  the  energy 
position  of  these  peaks  indicate  the  specific  oxidation  state 
and/or  bonding  environment  of  the  element.  Magnesium  K„  x-ray 
photons  (1254.6  eV)  were  used  for  the  spectra  collected  in  this 
study. 

XPS  is  highly  surface  specific  owing  to  the  limited 
inelastic  path  length  of  the  low  energy  electrons  (<1254.6  eV) 
through  material.  As  a  result,  analysis  depths  are  typically  on 
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the  order  of  50  A.  Since  the  electrons  are  readily  scattered  by 
matter,  the  analysis  must  be  performed  under  ultrahigh  vacuum  to 
elimina  e  scattering  of  the  emitted  electrons. 

In  summary,  XPS  provides  elemental  and  chemical 
characterization  of  material  surfaces.  The  data  can  also  provide 
an  estimation  of  the  quantity  (expressed  as  a  surface  atom 
percentage)  of  each  chemical  state  present  at  the  surface. 


SAMPLE  PREPARATION  AND  ANALYSIS 

All  sample  manipulation  was  performed  with  the  greatest  care 
to  maintain  the  nature  of  the  sample  surface.  Gloves  were  worn 
at  all  times  during  the  cutting  and  mounting  of  the  samples.  The 
implements  used  in  the  cutting  and  handling  of  the  samples  were 
thoroughly  cleaned  with  ethyl  alcohol  and  acetone  prior  to  each 
use.  Arc  channels  were  accessed  for  analysis  by  making  radial 
cuts  to  the  channel.  A  thin  slice  of  the  material  containing  the 
arc  channel  was  removed  from  the  resulting  wedge.  The  samples 
were  held  onto  the  mount  by  double  sided  tape  or  by  screws. 

Samples  were  cooled  to  <-30°C  under  high  vacuum  in  the 
introduction  chamber  of  the  XPS  spectrometer.  The  temperature 
was  maintained  within  the  analysis  chamber  during  the  entire 
period  of  data  acquisition.  At  the  decreased  temperature,  the 
vapor  pressure  was  low  enough  not  to  corrupt  the  ultra-high 
vacuum  of  the  analysis  chamber. 
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CHAPTER  4 

PRE-BREAKDOWN  CONDUCTION 


Electrical  conduction  prior  to  dielectric  breakdown  was 
observed  in  PBXW-115  above  0.5  kV/mm.  The  pre-breakdown  phase 
and  subsequent  discharge  phase  are  illustrated  in  Figure  4-1. 

Each  phase  can  be  characterized  by  the  relative  magnitude  of  the 
voltage.  The  voltage  prior  to  breakdown  is  close  to  the  charging 
voltage  across  the  capacitor.  The  difference  between  these  two 
voltages  was  determined  by  the  pulse  impedance  of  the  circuit  and 
the  resistance  of  the  sample.  The  pre-breakdown  current  was  on 
the  order  of  100  A.  During  catastrophic  breakdown,  the  voltage 
drops  sharply  and  the  current  increases.  The  energy  remaining  in 
the  capacitor  (54  /xF  or  400  nF)  following  breakdown  determined 
the  relative  magnitude  of  the  discharge  current  («10  kA  or  «1  kA 
respectively) . 

It  was  observed  that  energies  up  to  5,5  Joules  were 
necessary  before  an  arc  discharge  could  be  formed.  This  energy 
to  breakdown  decreased  with  decreasing  electrode  active  area, 
i.e.,  the  electrode  area  directly  in  contact  with  the  sample. 
These  results  indicate  that  the  pre-breakdown  conduction  is  not 
localized  and  consequently  does  not  contribute  significantly  to 
ignition. 

Table  4-1  displays  data  pertaining  to  the  pre-breakdown 
phase  of  each  experiment.  Samples  1  and  2  are  not  displayed  in 
this  table  because  definitive  pre-breakdown  currents  were  not 
obtained  for  these  samples. 

Samples  1  through  7  were  tested  with  a  54  nF  capacitance  at 
a  charging  voltage  of  5  kV.  A  series  resistance  was  used  to 
limit  the  current  in  samples  6  and  7  in  order  to  observe  the 
effect  this  would  have  on  the  energy  to  breakdown.  Samples  8 
through  14  were  tested  with  a  400  nF  capacitance  at  charging 
voltages  ranging  from  5  kV  to  9.9  kV.  The  active  area  of  the 
anode  was  varied  for  samples  11  through  14. 


PRE-BREAKDOWN  CURRENT 

Figure  4-2  shows  a  typical  pre-breakdown  current  profile. 
The  current  rose  to  several  hundred  amperes  within  2  fis  and  then 
diminished  to  a  value  between  40  and  60  percent  of  the  peak 
within  6  /xs. 
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FIGURE  4-1.  CURRENT  AND  VOLTAGE  ILLUSTRATION  FOR  TYPICAL  EXPERIMENT 
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TABLE  4-1 ,  PRE-BREAKDOWN  RESULTS 


SAMPLE 

HUMBER 

CAPACITOR 

PRE- BREAKDOWN 

IfCAK 

PRE-BREAKDOWN 

ACTIVE 

ANODE 

DIAMETER 

ENERGY  TO 
BREAKDOWN 

TIME  TO 
BREAKDOWN 

nf 

kV 

kv 

A 

HR 

J 

|IS 

3 

54 

5 

4.8 

216 

12.7 

4.63 

7.16 

4 

54 

5 

4.75 

164 

12.7 

4.4 

8.12 

S 

54 

5 

4.7 

98 

11.5 

3.2 

16.44 

* 

6 

54 

5 

4.4 

19 

11.5 

3.8 

67.35 

wm 

54 

5 

4.5 

95 

11.5 

4.75 

16.0 

8 

0.4 

5 

4.3 

174 

11.5 

N/A 

9 

0.4 

9 

5.25 

1300 

11.5 

5.2 

iof 

0.4 

9.9 

5.18 

1250 

11.5 

— 

— 

11 

— 

5.7 

390  : 

*  13.5 

4  9 

3.1 

12 

0.4 

pa 

5.67 

470 

11.3 

5.5 

. 3.4 

13 

0.4 

:  5.95 

300 

4.6 

1.66 

1.3 

14 

0.4 

5.9 

5.4 

:  40 

Lilli 

0.76 

3.2 

*  The  discharge  circuit  for  samples  4  and  5  had  series 
resistances  of  49  n  and  9.72  fi  respectively.  These 
resistances  served  to  limit  the  pre-breakdown  current.  The 
energy  to  breakdown  was  not  significantly  affected;  however, 
the  time  to  breakdown  was  increased  considerably  (67.4  and 
16  /is  respectively) . 

t  The  current  profile  for  sample  10  was  similar. to  that  for 
sample  9.  However  the  d3ta  for  the  current  magnitude  and 
hence  the  energy  are  not  known  because  portions  of  the  data 
were  lost  due  to  a  malfunction  with  the  oscilloscope. 

Note:  The  shaded  rows  were  used  to  compare  the  energy  to 
breakdown  with  the  active  anode  area. 
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FIGURE  4-2.  PRE-BREAKDOWN  CURRENT 
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This  behavior  was  observed  for  both  capacitances  charged  to  5  kv. 
The  sharp  rise  in  the  current  at  the  end  of  the  record  marked  the 
beginning  of  the  discharge  phase.  The  pre-breakdown  current  was 
observed  to  vary  with  changes  in  the  series  circuit  resistance, 
the  applied  voltage  and  the  active  area. 


SERIES  CIRCUIT  RESISTANCE 

Samples  6  and  7  used  49  fi  and  9.72  n  resistances 
respectively  in  series  with  the  test  sample.  These  resistances 
served  to  limit  the  pre-breakdown  conduction  (19  A  and  95  A)  and 
hence  the  time  to  breakdown  (68  (is  and  16.8  /is)  .  The  energy 
required  for  breakdown  was  not  affected. 


CAPACITANCE 

No  significant  difference  in  the  pre-breakdown  current  was 
observed  when  the  capacitance  was  changed  from  54  /uF  to  4  00  nF. 
The  current  observed  for  sample  8  (400  nF  at  5  kV)  is  similar  to 
that  for  sample  4  (54  /if  at  5  kV)  .  It  was  concluded  that 
sample  8  did  not  breakdown  because  there  was  not  enough  energy 
transferred  to  the  sample,  i.e.,  less  than  2.5  J. 


VOLTAGE 

Significant  changes  in  the  pre-breakdown  current  were 
observed  when  the  voltage  was  increased.  The  conduction  peak  was 
more  than  doubled  for  samples  tested  at  7  kV. 

Samples  subjected  to  voltages  of  9  kV  and  9.9  kV  (samples  9 
and  10  respectively)  did  not  display  the  typical  current  profile 
shown  in  Figure  4—2.  The  current  and  voltage  records  for  sample  9 
are  shown  in  Figure  4-3.  A  large  current  (1.3  kA  peak)  was 
observed  while  the  voltage  was  still  high,  i.e.,  during  the 
pre-breakdown  phase.  A  secondary  rise  in  the  current  occurred 
after  the  voltage  began  to  collapse.  This  anomalous  current 
profile  is  the  result  of  the  combination  of  the  smaller 
capacitance  (400  nF)  and  the  high  charging  voltage  (9  kV) .  The 
high  charging  voltage  induced  a  significant  increase  in  the 
pre-breakdown  current.  Coincidentally,  the  sample  began  to 
breakdown  at  the  pre-breakdown  current  peak;  note  that  the 
voltage  started  to  drop  at  this  time.  This  subtle  transition 
makes  it  difficult  to  accurately  determine  when  dielectric 
breakdown  occurred.  The  secondary  rise  in  the  current  trace  is 
the  discharge  current  competing  in  parallel  with  the  bulk 
conduction  we  normally  associate  with  the  pre-breakdown  current. 
It  is  interesting  to  note  that  the  energy  to  breakdown  is  a*5.2  J, 
which  is  in  accord  with  the  other  data.  (See  Table  4-1.) 
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4-3.  VOLTAGE  AND  CURRENT  FOR  SAMPLE  9,  400  nF  AT  9  kV 
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VARIATION  IN  ACTIVE  AREA 

It  was  observed  that  the  energy  to  breakdown  did  not  vary 
significantly  when  the  circuit  was  altered,  i.e.,  the  series 
resistance  was  added  and  the  capacitance  was  changed.  However, 
this  energy  did  vary  with  changes  in  active  area.  The 
pre-breakdown  current,  the  energy  to  breakdown  and  the  time  to 
breakdown  were  decreased  by  reducing  the  opening  in  the  Kapton 
mask  covering  the  anode. 

A  plot  of  "energy  to  breakdown"  versus  "active  anode 
diameter"  is  given  in  Figure  4-4.  The  data  used  for  this  plot, 
from  samples  11  through  14,  represent  experiments  where  the 
masking  was  well  defined  and  the  electrical  circuit  was 
comparable.  Presenting  the  data  in  this  fashion  yields  an 
increasing  linear  relationship  between  the  energy  required  to 
cause  breakdown  and  the  active  anode  diameter.  A  least  squares 
fit  of  the  data  indicated  that  the  vertical  intercept  is  0.2. 

The  standard  error  is  0.6;  therefore,  the  vertical  intercept  is 
not  significantly  different  from  zero. 

This  relationship  suggests  that  the  pre-breakdown  conduction 
is  dependent  on  the  electrode  area  in  contact  with  the  sample, 
hence  the  conduction  is  not  singularly  localized,  i.e.,  one 
channel.  Therefore,  the  pre-breakdown  conduction  may  be  the 
result  of  bulk  conduction  or  multiple  channels. 


IGNITION  PRIOR  TO  BREAKDOWN 

A  0.4  /xF  capacitor  was  used  to  limit  the  energy  delivered  to 
the  sample  following  dielectric  breakdown.  These  experiments 
were  used  to  determine  if  the  energy  deposited  prior  to  breakdown 
was  responsible  for  ignition.  XPS  studies  showed  no  significant 
reaction  in  samples  that  did  not  breakdown  or  in  regions 
extending  beyond  the  arc  channels  of  samples  that  did  breakdown. 
Hence,  reaction  was  confined  to  the  arc  channels  formed  after 
breakdown.  The  results  concerning  reaction  in  the  arc  channel 
are  discussed  in  Chapter  5. 
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FIGURE  4-4.  ACTIVE  ANODE  DIAMETER  VS  ENERGY  TO  BREAKDOWN 
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CHAPTER  5 
IGNITION  RESULTS 


Table  5-1  displays  data  pertaining  to  the  discharge  phase 
following  dielectric  breakdown  of  each  experiment.  The  energy 
and  peak  power  data  displayed  in  this  table  are  those  deposited 
in  the  arc  channel  following  dielectric  breakdown,  i.e,  after  the 
voltage  started  to  decline  sharply.  The  results,  though  not 
perfect,  are  informative.  The  calculations  of  energy  deposition 
during  the  arc  discharge  phase  are  in  error  due  to  the 
uncertainty  of  when  dielectric  breakdown  occurred.  These 
measurements  could  be  improved  by  using  a  two-stage  circuit,  as 
described  in  one  of  our  papers,5  to  separate  the  pre-breakdown 
and  discharge  phases. 


EFFECT  OF  RESTRAINT 

Figure  5-1  shows  the  physical  results  of  an  unrestrained 
sample  on  the  left  and  that  for  a  restrained  sample  on  the  rigl  c. 
PBXW-115  ignited  and  was  completely  consumed  when  150  J  was 
deposited  in  a  restrained  test  cell  which  contained  6.35  mm  thick 
explosive  samples.  The  time  to  thermal  explosion  cannot  be 
determined  from  these  records,  hence  the  energy  required  to 
initiate  the  sample  was  some  fraction  of  150  J.  The  restrained 
experiments  used  the  retaining  bolts  shown  in  Figure  2-5,  to  keep 
the  electrodes  from  being  pushed  away  from  the  explosive  surface. 
The  test  cell  was  pushed  apart  during  the  unrestrained 
experiments,  thereby  venting  and  presumably  quenching  the 
reaction.  These  unrestrained  experiments  allowed  a  study  of  the 
arc  damage  and  the  extent  of  reaction  in  the  sample. 


XPS  RESULTS 

XPS  studies  confirmed  that  thermal  reaction  was  confined  to 
the  discharge  path  in  unrestrained  samples.  No  evidence  of 
reaction  was  detected  in  areas  beyond  the  arc  channel  for  the 
recovered  unrestrained  charges. 


XPS  Spectra  From  Control  Sampl.es 

Nitrogen  (is)  photoelectron  spectra  from  PBXW-115,  HMX  and 
AP  are  shown  in  Figure  5-2.  The  spectrum  from  PBXW-115  is  seen 
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TABLE  5-1.  POST  BREAKDOWN  RESULTS 


SAMPLE 

NUMBER 

CAPACITOR 

DISCHARGE 

ENERGY 

PEAK 

POWER 

RESTRAINT 

REACTION 

ARC 

DAMAGE 

kV 

J 

MU 

1 

54 

5 

150 

5.9 

no 

no 

single  i 
channel 

2 

54 

S 

154 

7.8 

no 

no 

single 

channel 

3 

54 

5 

147 

8.4 

no 

no 

single 

channel 

4 

54 

5 

150 

— 

yes 

yes 

consumed 

5 

54 

S 

157 

7 

yes 

yes 

consumed 

• 

6 

54 

5 

- 

- 

yes 

no 

single 

channel 

P 

7 

54 

5 

- 

- 

yes 

no 

single 

channel 

8 

0.4  1 

N/A 

N/A 

yes 

no 

N/A 

9 

0,4 

- 

7.4 

1 

yes 

no 

multiple 

channels 

ioT 

0.4 

9,9 

- 

m 

yes 

no 

multiple 

channels 

11 

0.4 

7 

3.7 

1.7 

yes 

no 

multipie 

channels 

12 

0.4 

7 

3 

1.3 

yes 

no 

fluted 

channel 

13 

0.4 

7 

5,8 

2.7 

yes 

no 

single 

channel 

14 

0.4 

5.7 

5 

1.9 

yes 

no 

fluted 

channel 

*  The  discharge  circuit  for  Samples  4  and  5  had  series 

resistances  of  49  fl  and  9.72  fl  respectively.  Current  and 
voltage  was  not  recorded  after  dielectric  breakdown; 
therefore,  the  discharge  energy  is  not  available. 

t  The  discharge  energy  for  sample  10  is  not  known  because 
portions  of  the  current  were  lost  due  to  a  malfunction. 
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as  the  combination  of  those  from  HMX  and  AP.  The  two  peaks  from 
HMX  originate  from  the  nitramine  group;  the  peak  at  407.3  Ev  is 
from  the  nitro  nitrogen  and  the  peak  at  401.6  eV  is  from  the 
amine  nitrogen.  The  ammonium  ion  produces  a  peak  at  402.5  eV, 
distinct  from  the  HMX  nitrogens. 

The  only  chlorine  containing  component  in  the  formulation  is 
the  AP.  The  binding  energy  of  the  highly  oxidized  perchlorate  is 
209.0  eV. 


XPS  Spectra  From  Discharged  Samples 

Chlorine  and  nitrogen  spectra  from  recovered  samples  from 
test  cells  subjected  to  discharge  energies  of  «150  and  5  J 
(samples  3  and  14  respectively)  following  breakdown  are  compared 
with  control  spectra  in  Figures  5-3  and  5-4.  These  spectra  were 
taken  from  the  region  inside  of  the  arc  channel  that  was 
developed  in  each  experiment. 

Sample  3  ("150  J)  demonstrates  changes  in  chemistry  in  the 
discharge  channel.  The  development  of  additional  intensity  in 
the  N(ls)  spectrum  (Figure  5-3)  at  about  399.5  ev  is  suggestive 
of  triazine  chemistry  arising  from  nitramine  decomposition.9 
The  decrease  in  the  intensity  of  the  portion  of  the  N(ls) 
spectrum  attributed  to  NH4+  suggests  depletion  in  the  relative 
amount  of  AP  present  within  the  sampling  volume  of  the  XPS. 

Reaction  in  the  discharge  channel  of  sample  14  (5  J)  is 
quite  significant.  Spectra  of  both  the  N(ls)  and  Cl(2p)  had  very 
low  signal  intensity,  suggesting  a  significant  surface  depletion 
of  these  elements  compared  to  a  fresh  cut  surface  from  a  control 
sample.  Of  the  N  and  Cl  that  did  remain  near  the  surface  and 
visible  to  the  XPS,  chemical  changes  were  also  observed. 

Intensity  from  the  NH4+  in  the  N(ls)  spectrum  is  virtually  gone. 
Chlorine  (2p)  was  also  very  weak. 

The  extent  of  reaction  in  sample  14  appeared  to  be  greater 
than  that  observed  in  sample  3,  despite  the  ten  fold  higher 
energy  deposition  into  sample  3.  Total  energy  density  within  a 
discharge  arc  channel  is  the  most  important  factor.  Owing  to  the 
possibility  of  unseen  channels,  and  possible  variation  in  the 
channel  size,  there  is  a  possibility  that  the  energy  density  in 
the  channel  investigated  from  sample  14  was  greater  than  that 
from  sample  3 . 

An  alternative  evaluation  of  these  results  would  suggest 
that  the  extent  of  reaction  was  so  great  in  the  150  J  case  that 
all  trace  of  material  was  lost  do  to  complete  rea~J  ;  on  exposing 
the  slightly  reacted  bulk. 
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Summary 

These  results  indicate  that  reaction  occurred  in  the  arc 
channel  for  both  samples,  i.e.,  for  an  energy  deposition  of  150 
and  5  J.  Similar  tests  performed  on  the  material  outside  of  the 
arc  channel  did  not  display  any  signs  of  reaction.  This 
observation  suggests  that  the  energy  density  in  the  arc  channel 
is  sufficient  to  cause  reaction  independent  of  the  deposition 
energy . 


PHYSICAL  NATURE  OF  DISCHARGE  CHANNELS 


Photomicroscopy  shows  that  the  arc  channel  diameter  was 
«1  mm  in  recovered  samples  (from  test  cells  subjected  to  150  J 
deposition) .  Multiple  channels  and  convoluted  discharge  shapes, 
discussed  below,  were  observed  in  other  samples  subjected  to 
lesser  enex-gy  depositions.  These  results  show  that  a  complete 
analysis  of  localized  energy  in  discharge  channels  would  be 
complicated.  However,  for  the  discussion  describing  shock 
ignition  in  Chapter  6,  a  single  cylindrical  discharge  channel  is 
considered. 


Figure  b-b  demonstrates  two  well  separated  paths  in  a  sample 
subjected  to  ~3 .7  J  (sample  11)  following  breakdown.  The 
sequencing  of  these  paths  cannot  be  determined,  however,  it  is 
reasonable  to  assume  that  current  passed  through  both  at  an  early 
stage  in  the  discharge.  Later,  the  path  on  the  right  became  the 
major  current  carrier,  demonstrating  the  greatest  amount  of 
damage.  The  shape  of  the  major  discharge  path  is  suggestive  of  a 
trident  by  the  multiple  branches  leading  to  the  one  surface. 
Figure  5-6  illustrates  a  highly  unusual  discharge  path  observed 
during  this  study.  What  appears  to  have  been  a  sheet  of 
discharge  went  through  the  sample  directly  along  the 


cij_ cuwf SjTsncG  of 


^  rtf' 

Cl  C1.WW1.WUUCI! 


1  Anrrfh  nf 

VIA  Wi. 


4"  Vi  ' 


Hi  cnharno  l  c: 


«8.5  mm.  Evidence  of  more  intense  discharge  channels  is  observed 
within  the  generally  charred  region. 


ENERGY  AND  POWER 


The  question  is:  What  is  more  important  for  ignition,  the 
energy  or  the  power?  Note  that  samples  4  through  13 
(representing  energy  depositions  from  3  to  157  J)  were 
restrained,  yet  no  ignition  occurred  unless  wl50  J  was  deposited. 
However,  the  energy  may  not  be  the  critical  parameter.  The  peak 
power  during  the  discharge  phase  for  the  high  energy  experiments 
(samples  1  through  5,  54  pF)  was  £  6  MW,  and  that  for  the  low 
energy  experiments  (samples  9  through  13,  400  nF)  was  <,  2.5  MW. 
Sample  8  was  excluded  from  this  comparison  because  it  did  not 
breakdown. 
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Samples  9  and  10  represent  another  interesting  aspect  of  the 
problem.  The  high  charging  voltages  (9  and  9.9  kV  respectively) 
for  these  experiments  enhanced  the  pre-breakdown  conduction, 
hence,  they  displayed  powers  comparable  to  the  high  energy 
experiments  (6.8  and  7.8  MW  respectively)  during  the 
pre-breakdown  phase.  The  transition  in  the  current  profile  at 
breakdown  was  impossible  to  detect  since  the  resistance 
associated  with  each  phase  was  comparable.  These  two  samples  did 
not  ignite  because  the  electric  energy  density  was  relatively 
low.  During  the  pre-breakdown  phase,  the  energy  density  is  low 
because  the  conduction  is  over  the  active  volume  established  by 
the  electrode  masking.  During  the  discharge  phase  the  energy  was 
dissipated  in  an  array  of  multiple  arc  channels,  like  that 
displayed  in  Figure  5-6.  These  multiple  channels  served  to 
dissipate  the  energy  over  a  wider  volume,  perhaps  mitigating 
against  ignition.  The  effect  of  the  power  and  the  arc  dynamics 
on  ignition  sensitivity  is  discussed  in  Chapter  6. 
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CHAPTER  6 

SHOCK  IGNITION  THEORY 


Walker  and  Wasley's  energy  fluence  or  P2r  criterion  has 
proved  to  be  a  useful  tool  for  predicting  explosive  sensitivity 
to  the  shock  initiation  of  detonation.10'11,12,13  The  energy 
fluence,  E,  is  approximated  by: 


E  = 


P2  T 

tf.Po 


(6-1) 


where  P  is  the  peak  shock  stress  at  the  initial  impact  surface  in 
the  unreacted  explosive,  t  is  the  shock  pulse  width  at  one-half 
peak  stress,  U,  is  the  shock  velocity  and  pc  is  the  initial 
density.  The  criterion  for  detonation  is  met  when  an  applied 
stress  is  sufficient  to  exceed  a  critical  energy  fluence. 


REACTION  THRESHOLD  DEFINITIONS 

Liddiard  and  Forbes14  have  extended  the  P2r  criterion  to 
define  and  compare  thresholds  for  two  states  of  shock  induced 
reaction.  The  first  is  called  first  reaction,  originally  called 
the  burning  threshold,  where  the  first  evidence  of  reaction  is 
observed.  The  second  is  sustained  ignition ,  where  deflagration 
could  grow  to  detonation  in  a  sufficiently  large  explosive 
sample.  This  state  of  reaction  corresponds  to  deflagration 
velocities  greater  than  Vw/s.  First  reaction  is  typically  of 
less  vigor  and  occurs  at  a  lower  initiating  energy  fluence  than 
sustained  ignition,  and  it  will  not  grow  to  detonation.  The  two 
thresholds  were  found  to  be  significantly  different  for  cast 
explosives  but  relatively  close  for  pressed  explosives. 15 


APPLICATIONS  TO  ESD 

Energy  fluences,  determined  for  quasi-planar  shocks,  are 
assumed  to  be  comparable  to  those  of  cylindrical  shocks  generated 
by  explosive  ignition  due  to  electrical  discharges.  In  this  way 
an  analysis  of  the  shock  loading  from  an  electrical  discharge, 
using  the  energy  fluence  criterion,  can  determine  the  likelihood 
of  first  reaction  in  cylindrical  arc  channels. 

It  is  hypothesized  that  the  deposition  of  electrical  energy 
causes  a  thermal  explosion  of  the  material  in  a  single  discharge 
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channel.  The  diameter  of  the  channel  depends  on  the  electrical 
energy  deposited.16  The  channel  explosion  will  only  initiate  the 
surrounding  explosive  if  its  diameter  is  larger  than  some 
critical  value,  i.e.,  if  it  generates  a  pulse  of  sufficient 
duration.  An  order  of  magnitude  calculation  for  the  critical 
diameter  will  be  presented  below. 


THEORY 

Shocks  are  typical  for  any  arc  discharge  and  in  certain 
cases,  e.g.,  current  rates  of  1011  A/s,  the  pressures  can  exceed 
those  produced  by  explosives. 17  However,  within  the  deposition 
energies  of  interest  for  ESD  it  is  expected  that  the  chemical 
energy  density  in  the  arc  channel  greatly  exceeds  the  electrical 
energy  density.  Hence,  it  is  proposed  that  the  electric  arc,  by 
itself,  does  not  produce  a  significant  pressure  pulse.  However, 
the  arc  does  induce  thermal  decomposition  that  leads  to  thermal 
explosion  of  the  material  within  the  arc  channel.  This  is 
supported  by  the  X-ray  Photoelectron  Spectroscopy  (XPS)  data 
which  do  not  indicate  any  reaction  beyond  the  discharge 
channel.1®  The  thermal  explosion  launches  a  cylindrical  shock 
wave  into  the  surrounding  unreacted  explosive.  Thus  the  electric 
arc  triggers  the  thermal  decomposition,  but  it  does  not 
contribute  to  the  subsequent  shock  initiation  process. 

The  following  analysis  is  a  refinement  of  previous 
calculations18  of  the  shock  pulse  width  required  to  ignite 
explosives  via  a  cylindrical  thermal  explosion. 


Shock  Pressure 


By  definition  a  thermal  explosion  in  the  discharge  channel 
occurs  at  constant  volume.  From  a  poiytropic  equation  of  state19 
for  the  gas  products,  the  explosion  pressure,  Pe,  is  exactly  half 
the  Chapman- Jouguet  pressure,  Pr  Therefore,  Pe  is  6.15  GPa  for 
this  case  since  Pj  =  12.3  GPa  for  PBXW-115.20 


The  shock  pressure,  P,,  delivered  to  the  unreacted  explosive 
is  determined  from  the  intersection  of  the  reacted  thermal 
explosion  isentrope19  and  the  unreacted  shock  Hugoniot20  which  are 
given  below  respectively. 


2 

Y  P6 

1-Y  N 

Po 

KJ  J 

(m/s) 


(6-2) 


P  =  p0  Up  (1.77  Up  +  2377)  (Pa) 


(6-3) 
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The  coefficient  7  =  3.34  is  a  constant  of  the  polytropic  equation 
of  state  and  pc  =  1790  kg/m3  is  the  initial  density  for  PBXW-115.19 
The  particle  velocity,  up,  in  the  channel  is  initially  ?,ero  since 
thermal  explosion  is  a  constant  volume  reaction.  It  is  assumed 
that  the  energy  deposited  from  ESD  after  thermal  ignition  is 
small  in  comparison  to  the  heat  of  reaction.  Therefore,  the 
reactive  isentrope  in  P-up  space  intersects  the  coordinates 
(Pe,  0)  and  intersects  the  Hugoniot  at  P,  =  3.3  5  GPa. 


Shock  Velocity 

The  shock  velocity,  U,,  in  the  unreacted  explosive  is  found 
to  be  3.36  km/s  from  the  U,-up  relation  at  P,  =  3.35  GPa. 

Ua  =  1.77  Up  +  2377  (m/s)  (6-4) 

Shock  Pulse  Width 


The  shock  pulse  width  at  half  peak  pressure,  r,  is 
approximately  equal  to  the  time  it  takes  the  first  rarefaction  to 
travel  to  the  center  of  the  discharge  channel  and  back  again  to 
meet  the  expanding  channel  wall.  The  deposited  electrical  energy 
governs  r  by  determining  the  initial  arc  channel  diameter. 
Consequently,  an  increase  in  channel  size  increases  the  energy 
fluence  and  the  possibility  of  ignition  beyond  the  channel. 


In  this  study,  only  simple  flow  effects  are  used  to  estimate 
the  transit  times  of  the  waves  in  the  arc  channel,  i.e.,  the 
attenuation  of  the  shock  pulse  is  ignored.  The  time-distance 
plot  in  Figure  6-1  illustrates  the  motion  of  the  rarefaction 
front,  channel  expansion  and  shock  front.  Each  front  is  labeled 
by  its  corresponding  velocity.  The  shock  front  expands  into  the 
surrounding  unreacted  explosive  from  the  channel  wall  at  a 
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and  the  initial  rarefaction  front  travels  towards  the  center  of 
the  channel  at  a  velocity  c.  The  time  the  initial  rarefaction 
takes  to  cross  to  the  center  of  the  channel  is: 


ti  ~ 


x_ 

c 


(6-5) 


where  r  is  the  radius  of  the  channel  and  c  is  the  initial  sound 
speed  in  the  channel.  The  rarefaction  velocity  is  given  by 
(c  +  up) ,  however,  the  velocity  of  the  initial  rarefaction  is 
equivalent  to  c  because  up  is  initially  zero.  Now  c  can  be 
obtained  from  the  derivative  of  the  isentrope  for  the  explosive's 
product  gases, 
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0  r  DISTANCE 


FIGURE  6-1.  SIMFLE  HYDRODYNAMICS  OF  A  THERMALLY  EXPLODED  ARC  CHANNEL 
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where  the  isentrope  is  defined  as 


Evaluating  the  derivative  at  p0  yields 


(6-7) 


c  = 


N 


£«Y 

Po 


(6-8) 


Therefore,  c  «  3.4  km/s  and  the  arc  channel  diameter  for  reaction 
was  found  to  be  ~i  mm,  so  t!  «  150  ns. 

The  rarefaction  is  reflected  at  the  center  of  the  channel  as 
a  result  of  the  shock  impedance  mismatch.  The  cylindrical 
imploding  wave  leaves  a  pressure  Pb  —  P,  =  3.35  GPa  behind  the 
front  as  it  propagates  towards  the  center  of  the  channel.  The 
impedance  mismatch  occurs  where  the  rarefaction  arrives  at  a 
boundary  between  the  two  pressure  states,  Pe  and  Pb,  at  the  center 
of  the  channel.  The  reflected  rarefaction  propagates  back 
through  the  pressure  state  Pb  at  a  different  velocity  (cb  +  up) 
where  up  a  0.56  km/s.  The  velocity  up  was  obtained  at  the 
intersection  of  the  explosive  isentrope,  and  the  unreacted 
Hugoniot  at  P,  =  3.35  GPa.  The  new  sound  speed,  cb,  is  evaluated 
as  before. 


cb  = 


N 


Pb  v 
Pb 


(6-9) 


The  density  pb  =  1495  Kg/m3  is  determined  from  the  abovs 
isentrope,  therefore,  cb  =  2.7  km/s  and  the  rarefaction  velocity 
(ck  +  up)  ~  3.3  km/s. 

It  is  assumed  that  after  thermal  ignition  any  significant 
expansion  of  the  channel  comes  from  mechanical  flow  and  not  arc 
erosion.  Therefore,  the  wall  has  expanded  at  a  rate  of 
up  ~  0.56  km/s  after  the  initial  thermal  explosion,  and  the  wall 
has  then  moved  out  (up  r/c)  at  the  time  of  reflection.  The 
rarefaction  takes  a  time  t2  to  meet  the  wall  after  reflection  at 
the  center  of  the  channel. 


(6-10) 
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Consequently,  the  approximate  shock  pulse  width  is 


x 


c  +  Up' 


(6-11) 


The  arc  channel  diameter  for  reaction  was  found  to  be  «l  mm  and 
the  equivalent  pulse  length  t  was  calculated  to  be  »360  ns. 


Energy  Fluence 

The  energy  fluence  for  ESD  ignition  in  PBXW-115  is  thus 
estimated  to  be  6.7  x  10s  J/m2  using  P2r .  Note  that  the 
attenuation  of  shock  waves  was  not  taken  into  account  in  this 
calculation.  Hence,  the  calculated  fluence  is  the  maximum  the 
sample  would  receive. 

This  fluence  can  be  compared  with  fluence  data  from  the 
Modified  Gap  Test  (MGT) 20  for  PBXW-115.  The  MGT  energy  fluence 
for  first  reaction  is  5  x  10s  J/m2  and  the  fluence  required  for 
sustained  ignition  is  6  x  106  J/m2.  This  implies  that  the  ESD 
discharge  would  lead  to  deflagration  but  not  detonation.  To 
obtain  detonation  the  discharge  channel  t  would  have  to  be 
increased  tenfold.  The  diameter  is  a  function  of  deposited 
energy  but  the  energy  required  to  generate  a  10  mm  channel  in 
PBXW-115  has  not  yet  been  determined. 


EFFECT  OF  POWER  AND  ARC  DYNAMICS 

It  is  proposed  that  ESD  ignition  sensitivity  is  dependent  on 
the  hydrodynamics  of  the  arc  channel  growth  and  the  thermodynam¬ 
ics  leading  up  to  the  thermal  explosion.  The  above  analysis 
indicates  that  the  degree  of  reaction  deperds  on  the  arc  channel 
diameter  at  the  time  of  thermal  explosion.  We  submit  that  a 
single  arc  channel  offers  sufficient  localization  of  the  electri¬ 
cal  energy  to  cause  reaction  within  the  channel,  i.e.,  the 
thermal  explosion.  It  is  feasible  that  the  thermal  explosion 
could  occur  before  the  arc  channel  attains  the  critical  diameter 
required  for  continued  reaction,  i.e.,  sustained  ignition.  If 
this  occurs  then  subsequent  deposition  of  electrical  energy  in 
this  arc  channel  may  not  result  in  a  sustained  reaction.  That  is 
to  say  that  the  electrical  energy  is  now  being  deposited  down  an 
open  hole. 

The  thermal  explosion  likely  has  an  incubation  time  once  a 
sufficient  energy  density  is  achieved.  This  incubation  period 
could  provide  the  time  needed  to  achieve  the  critical  arc  channel 
diameter  if  the  rate  of  energy  deposition,  i.e.,  the  electrical 
power,  is  high  enough.  So  the  electrical  power  is  crucial  in  ESD 
ignition  sensitivity. 
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It  should  be  noted  that  if  the  energy  is  dispersed  among 
several  arc  channels,  the  individual  channels  may  not  reach  the 
critical  diameter  for  ignition. 
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Chapter  7 
DISCUSSION 


Before  the  ESD  problem  can  be  resolved,  the  following  four 
items  need  to  be  addressed:  (1)  the  electric  energy  transfer 
associated  with  insulated  canes,  (2)  the  effect  of  the  discharge 
profile  on  the  reaction  sensitivity,  (3)  the  effect  of 
confinement  on  the  sensitivity  and  (4)  an  ignition  mechanism  for 
explosives.  This  report  offers  data  for  the  latter  three. 


TEST  METHODS 

Conventional  tests  are  poorly  designed  in  terms  of 
electrical  efficiency  and  power  transfer.  These  tests  take  for 
granted  that  the  deposition  energy  is  equivalent  to  the  energy 
stored  on  the  capacitor.  In  reality,  a  small  fraction  of  the 
stored  energy  is  deposited  in  the  sample  due  to  losses  in  the 
circuit.  To  make  accurate  measurements  of  ignition  energy  good 
electrical  diagnostics  should  be  used,  such  as  the  techniques 
reported  here. 

Chapter  2  includes  a  discussion  of  diagnostic  tools  which 
can  be  used  to  obtain  accurate  power  and  energy  depositions. 


POWER  PROFILE 

Circuit  design  is  important.  The  capacitance,  the  parasitic 
inductance  and  the  resistance  associated  with  any  circuit 
determines  the  rate  at  which  the  energy  is  transferred. 
Conventional  test  equipment  include  large  parasitic  circuit 
inductances  whereas  warhead  cases  do  not.  These  inductances 
dominate  the  rate  of  transfer  of  the  electrical  energy  to  the 
explosive,  so  the  test  apparatus  does  not  simulate  real  hazard 
conditions.  Moreover,  the  effect  on  ESD  ignition  sensitivity  due 
to  varying  the  energy  deposition  rate,  i.e.,  the  power  profile, 
has  not  been  determined. 

The  hypothesis  that  can  be  drawn  from  the  analysis  in 
Chapter  6  is  that  the  power  associated  with  the  electrical 
discharge  is  important  to  the  ESD  ignition  sensitivity. 
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CONFINEMENT 

Recent  studies  by  Hodges21  suggest  that  an  increase  in 
confinement  can  decrease  the  critical  ESD  ignition  energy  by 
several  orders  of  magnitude.  Hodges  reported  that  the  threshold 
ignition  energy  for  a  PBAN  composite  aluminized  propellant  was 
reduced  from  3  J  to  70  mJ  when  subjected  to  a  static  nitrogen 
pressure  of  4.67  MPa  (700  psig) . 

Our  own  results  suggest  the  same  trend  with  confinement. 
Sustained  ignition  occurred  in  PBXW-115  only  when  the  samples 
were  restrained.  This  restraint  allowed  a  small  pressure  rise  to 
occur  after  ignition  by  ESD.  The  restraint  was  provided  by 
holding  the  electrodes  against  the  explosive  via  retaining  bolts. 
The  work  performed  thus  far  has  used  a  sample  size  1.75  inches  in 
diameter  and  0.25  inch  thick,  i.e.,  well  below  the  critical 
diameter  for  PBXW-115.  The  fear  is  that  the  sample  could  be 
ignited  by  smaller  energies  if  it  is  larger  or  sufficiently 
confined. 

Results  from  the  Royal  Armament  Research  Development 
Establishment  (RARDE)  ,  Waltham  Abbey,  UK,22  show  ignition 
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propellants  that  have  similar  compositions  to  PBX  explosives. 
These  results  are  disturbing  when  compared  to  our  own  results. 

The  only  successful  sustained  ignition  experiments  for  PBXW-115, 
thus  far,  have  been  when  a  total  energy  of  150  J  was  deposited. 
The  precise  time  of  ignition,  and  hence  the  ignition  energy,  was 
not  determined  in  these  experiments.  We  believe  that  the 
magnitude  of  the  electric  power  («8.4  MW  peak)  was  the  crucial 
element  of  these  experiments,  and  the  actual  energy  to  ignition 
was  several  orders  of  magnitude  lower  than  150  J.  The 
discrepancies  between  the  British  data  and  our  own  are  likely  due 
to  differences  in  confinement  as  well  as  rate  of  energy 
deposition. 

PRESENT  THEORY 

Shock  energy  fluence  data  for  PBXW-115  were  used  to  show 
that  mechanical  shock  is  the  probable  cause  of  ignition  due  to  an 
electrical  discharge.  It  was  hypothesized  that  the  thermal 
explosion  of  the  material  in  the  electrical  discharge  channel 
transmits  a  shock  wave  into  the  unreacted  explosive.  The 
explosive  is  subsequently  shock  initiated  into  reaction.  A 
minimum  energy  fluence,  E,  is  required  to  cause  first  reaction’ 
in  the  surrounding  explosive.15 


First  reaction  is  the  first  observable  sign  of  reaction  in  the 
shock  initiation  experiments  reported  in  Reference  15. 
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E  = 


p2 
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PQ^ 


(7-1) 


where  Pf  is  the  shock  pressure,  r  is  the  shock  pulse  width,  p0  is 
the  initial  density  and  U,  is  the  shock  velocity. 

P,  and  U,  are  defined  by  thermal  explosion  theory  and  shock 
impedance,  mismatching.  It  is  assumed  that  the  electrical  energy 
required  to  initiate  the  thermal  explosion  is  small  compared  to 
the  heat  of  reaction,  and  that  the  electrical  energy  deposited 
after  thermal  explosion  has  little  effect  on  the  shock. 

Therefore,  the  degree  of  reaction  caused  by  ESD  ignition  is 
dependent  on  r  which  is  equal  to  the  time  it  takes  the  first 
rarefaction  to  travel  to  the  center  of  the  discharge  channel  and 
back  again  to  meet  the  expanding  channel  wall.  Hence,  r  is  a 
function  of  the  arc  channel  radius.  The  channel  diameters  formed 
by  electrical  discharge  were  found  to  be  consistent  with  shock 
wave  energy  fluences  necessary  for  first  reaction. 


FUTURE  WORK 

Further  work  is  required  to  determine  the  minimum  electrical 
discharge  energy  in  the  arc  channel  necessary  to  initiate  thermal 
explosion.  This  could  be  accomplished  by  measuring  pressure  as  a 
function  of  time  during  an  ESD  experiment.  These  measurements 
would  determine  when  thermal  ignition  in  the  channel  and  shock 
ignition  in  the  surrounding  material  occur  with  respect  to  the 
electrical  discharge.  These  experiments  would  also  yield 
experimental  corroboration  of  the  pressure  pulse  magnitude  and 
duration  with  that  from  the  simple  theory  presented  here. 
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CHAPTER  8 
CONCLUSIONS 


PBXW-115  was  found  to  conduct  at  electric  field  strengths 
exceeding  «500  kV/m.  An  energy  density  of  «8  x  106  J/m3  was 
required  to  induce  catastrophic  breakdown.  Low  energy 
experiments,  3  to  13  J,  showed  that  the  energy  deposited  prior  to 
breakdown  was  not  responsible  for  ignition. 

XPS  studies  confirmed  that  thermal  reaction  was  confined  to 
the  discharge  channel.  The  highly  localized  energy  deposition  in 
an  arc  channel  likely  raises  the  local  temperature  above  that 
required  for  thermal  ignition.  However,  a  sustained  reaction  was 
not  observed  unless  the  sample  was  restrained.  This  suggests 
that  mechanical  shock  may  be  responsible  for  ESD  ignition. 

A  simple  analytical  model  has  demonstrated  that  if  ESD 
induces  a  thermal  explosion  in  an  arc  channel,  then  the  reaction 
can  be  carried  to  the  surrounding  mass  of  unreacted  explosive. 

The  analysis  given  in  this  report  has  shown  that  the  thermal 
explosion  of  a  1  mm  diameter  cylinder  of  PBXW-115  appears  to  be 
sufficient  to  induce  first  reaction,  i.e.,  a  rapid  deflagration 
that  is  too  weak  to  accelerate  to  detonation. 

The  electrical  discharge  energy  serves  to  define  the 
diameter  of  a  discharge  channel  and,  therefore,  the  shock  pulse 
width.  Further  work  is  required  to  determine  the  minimum 
electrical  discharge  energy  in  the  arc  channel  necessary  to 
initiate  thermal  explosion.  This  could  be  accomplished  by 
measuring  pressure  as  a  function  of  time  during  an  ESD 
experiment.  These  measurements  would  determine  when  thermal 
ignition  in  the  channel  and  shock  ignition  in  the  surrounding 
material  occur  with  respect  to  the  electric  discharge.  These 
experiments  would  also  yield  experimental  corroboration  of  the 
pressure  pulse  magnitude  and  duration  with  that  from  the  simple 
theory  presented  here. 
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